This study examined environmental and physiological mediators of responses to hantavirus in wild-caught Norway rats. Rats were trapped in Baltimore, Maryland from 1996 to 2000, and prevalence of Seoul virus in target tissues, antibody responses against Seoul virus, concentrations of steroid hormones, and masses of reproductive organs were measured. Approximately 50% of live-trapped rats were infected with Seoul virus. No seasonal or photoperiodic changes in prevalence of Seoul virus infection or in antibody responses against Seoul virus were observed. Animals trapped during low temperatures had higher antibody responses than animals trapped during mild temperatures. Adults were more likely to have Seoul virus in kidneys and lungs and have higher antibody responses than juveniles. Older adult rats also were more likely to be infected and have higher antibody responses than younger adults. Rates of Seoul virus infection were similar between sexes; females, however, had higher anti-Seoul virus IgG responses than males. Although age-and seasonrelated changes in concentrations of steroid hormones were observed, concentrations were not related to variation in infection by Seoul virus. Finally, the masses of reproductive organs increased with age, were responsive to environmental changes, and may be related to variation in Seoul virus infection. Thus, physiological and behavioral changes associated with sexual maturation may be the best predictors of Seoul virus infection in Norway rats, suggesting that metabolic trade-offs among growth, reproduction, and immune function occur at the onset of puberty.
Hantaviruses are negative-sense RNA viruses (Bunyaviridae) that are primarily maintained by rodents (Mertz et al. 1997 ). Field observations of several rodent species suggest that intensity and prevalence of hantavirus infection varies seasonally, and this variation may be related to changes in environmental factors such as food avail-* Correspondent: saklein@jhsph.edu ability, precipitation, and temperature (Biggs et al. 2000; Hjelle and Glass 2000) . Environmental factors may directly affect host immune responses against infection or act indirectly through changes in population densities and subsequent exposure to and transmission of hantavirus (Biggs et al. 2000; Hjelle and Glass 2000; Nelson and Demas 1996; Nelson et al. 2002; Read and Allen 2000) . Several studies of viral, bacterial, and parasitic infections illustrate that variation in environmental conditions, such as changes in food availability, temperature, photoperiod, and social organization, mediate seasonal patterns in host responses to infection (reviewed in Nelson and Klein 1999; Nelson et al. 2002) . Because these extrinsic factors directly alter endocrine function, seasonal patterns in infection may be mediated by changes in steroid hormones, including glucocorticoids and sex steroids, and the temporal patterns of pineal melatonin secretion (Demas and Nelson 1998; Nelson and Demas 1996; Nelson et al. 2002) . Among nontropical rodents, most challenging environmental conditions occur during winter months, when food availability and ambient temperatures are low. The stress of coping with energetically demanding conditions can result in reduced survival, possibly through glucocorticoid-mediated immunosuppression (Demas et al. 1997; Nelson and Demas 1996; Sinclair and Lochmiller 2000) . Thus, mechanisms may have evolved in some animals to counteract seasonal stress-induced immunosuppression as a temporal adaptation to promote survival (Nelson and Demas 1996; Sinclair and Lochmiller 2000) .
In addition to the impact that environment has on host immunity, environmental factors, including precipitation, food availability, and habitat, modify population densities to influence transmission of parasites. Recent analyses suggest that elevated precipitation associated with El Niño increases rodent population densities and outbreaks of several infectious diseases, including hantaviruses (Hjelle and Glass 2000) . Accordingly, among deer mouse (Peromyscus maniculatus) populations in the Four Corners region of the United States (i.e., New Mexico, Colorado, Utah, and Arizona), elevated population densities and reduced food availability are associated with increased seroprevalence rates of Sin Nombre virus and possibly increased spread of infection (Biggs et al. 2000) . The extent to which high population densities and low food availability serve as environmental stressors affecting host immunity has not been examined in relation to hantavirus infection.
Several studies of natural rodent populations also illustrate that physiological factors related to sexual maturation may mediate variation in hantavirus infection (Childs et al. 1987 Glass et al. 1988 Glass et al. , 1998 . Adults are more likely to be infected with hantaviruses than juveniles, and these differences are most pronounced at the time of puberty, suggesting a possible role for sex steroid hormones (Glass et al. , 1998 . Adult males of several rodent species, including cotton rats (Sigmodon hispidus), brush mice (P. boylii), deer mice (P. maniculatus), harvest mice (Reithrodontomys megalotis), and bank voles (Clethrionomys glareolus), are more likely to be infected with hantaviruses than conspecific females, suggesting an additional role for sex steroid hormones as mediators of hantavirus infection (Childs et al. 1987 (Childs et al. , 1994 Glass et al. 1998; Klein et al. 2000; Mills et al. 1997 Mills et al. , 1998 Weigler et al. 1996) . Sexual maturation may increase the likelihood of infection through changes in endocrineimmune interactions or through changes in social behaviors (Glass et al. , 1998 Klein 2000; Nelson and Klein 1999) . Alternatively, after puberty, metabolic tradeoffs among growth, reproduction, and immune function may result in reduced immunological resources to fight infection (Lochmiller and Deerenberg 2000) .
The goal of this study was to examine whether environmental variables, physiological variables, or both mediate responses against hantavirus in wild-caught Norway rats (Rattus norvegicus). Environmental variables, including photoperiod and temperature, and physiological factors related to sexual maturation were hypothesized to influence the variation in responses to Seoul virus infection (i.e., the naturally occurring hantavirus in Norway rats). If nontropical rodents have evolved mechanisms to over-come stressor-induced immunosuppression, then immune responses against Seoul virus should be higher in rats trapped during environmentally challenging conditions (e.g., low temperatures) than in rats trapped during less challenging conditions (e.g., mild temperatures- Nelson and Demas 1996; Nelson et al. 2002; Sinclair and Lochmiller 2000) . If responses to infection are energetically demanding, then prevalence of Seoul virus infection should be highest during the breeding seasons (i.e., during the long days and mild temperatures associated with spring and summer) because of the competing metabolic demands of breeding and increased social interactions, with greater susceptibility to infection (Childs et al. 1987; Ilmonen et al. 2000; Lochmiller and Deerenberg 2000; Read and Allen 2000) . However, because wild-caught Norway rats are opportunistic breeders, social interactions may remain constant throughout the year, and responses against Seoul virus infection may not show seasonal fluctuations (Bronson 1989; Davis 1953) .
If physiological factors associated with sexual maturation mediate patterns of Seoul virus infection, then concentrations of sex steroid hormones should be related to changes in Seoul virus infection. Because sex steroids were assessed only at a single time point, the masses of reproductive organs also were recorded and used as longterm estimates of concentrations of sex steroids in rats (Nelson 2000) . Because social interactions (e.g., mating and aggression) increase after puberty, we hypothesized that the prevalence of Seoul virus would be higher among adult than juvenile rats. Because concentrations of sex steroids should be higher among rats trapped during long days and mild temperatures, we hypothesized that sex differences in responses to Seoul virus would be more pronounced during breeding (spring and summer) than nonbreeding (autumn and winter) seasons (Childs et al. 1987; Glass et al. 1988) . In contrast, sex differences in Seoul virus infection may not vary seasonally because Norway rats are opportunistic breeders (Bronson 1989) . Finally, because corticosterone is immunomodulatory and concentrations increase in response to environmental stressors, concentrations of corticosterone may be related to variation in infection with Seoul virus and were predicted to be highest in animals trapped during short days and low temperatures.
MATERIALS AND METHODS
Rattus norvegicus was live-trapped (Tomahawk Traps Co., Tomahawk, Wisconsin) from 10 locations in Baltimore, Maryland, from 1996 to 2000 (Childs et al. 1987 ). All trapping locations were in urban residential areas, where rats were trapped in alleys behind dwellings. Traps were baited with peanut butter, set at locations approximately 1-2 h before sundown, and left for 3-4 h or overnight, depending on weather conditions. All rats remained in traps overnight and were processed the next morning (Ͻ10 h after trapping).
After trapping, rats were brought to the laboratory, where they were anesthetized with a ketamine HCl (80 mg/kg)and xylazine (6 mg/kg) cocktail (Phoenix Pharmaceutical, St. Joseph, Missouri), sexed, weighed, and bled via cardiac puncture. Age was determined on the basis of body mass (Davis 1953; Glass et al. 1988) . Data from trapped females that were pregnant were not used in the present study (n ϭ 8). After bleeding, animals were killed with an overdose of ketamine HCl, and reproductive organs were removed and weighed. Lungs and kidneys were removed aseptically, frozen at Ϫ80ЊC, and used for virus characterization.
To measure antibody responses against Seoul virus, we used an enzyme-linked immunosorbent assay. Microtiter plates were coated overnight with 100 l of gamma-irradiated Vero E6 cells infected with Seoul virus or gamma-irradiated uninfected Vero E6 cells diluted 1:500 in carbonate buffer. Plasma samples were diluted 1:100 in phosphate-buffered saline with Tween 20 (Sigma Chemical Company, St. Louis, Missouri) with 2% fetal bovine serum, and 100 l of each plasma dilution was added in duplicate to antigen-coated wells containing either infected or uninfected Vero E6 cells. Positive control samples (pooled plasma from rats previously determined to have anti-Seoul virus IgG) and neg-ative control samples (pooled plasma from Seoul virus-naive rats) were included. The plates were sealed, incubated at 37ЊC for 1 h, and then washed with phosphate-buffered saline with Tween 20. Secondary antibody (Kirkegaard and Perry Laboratories, Gaithersburg, Maryland; alkaline phosphatase-conjugated anti-rat IgG [HϩL] diluted 1:400 in phosphate-buffered saline with 2% fetal bovine serum) was then added, and plates were sealed and incubated for 1 h at 37ЊC. Plates were washed with phosphatebuffered saline with Tween 20, and substrate buffer (0.5 mg/ml p-nitrophenyl phosphate diluted in diethanolamine substrate buffer) was added to each well. Plates were protected from light during the enzyme-substrate reaction that was terminated after 30-45 min by adding 25 l of 1.5 M NaOH to each well. The optical density was measured at 405 nm, and the average optical density for each set of uninfected Vero E6 duplicates was subtracted from the average optical density for each set of infected Vero E6 duplicates. Samples were considered positive if the average adjusted optical density was Ն0.100 units . To minimize intra-and interplate variability, the average adjusted optical density for each sample was expressed as a percentage of its plate-positive control optical density for statistical analyses (de Savigny and Voller 1980) .
To assess the presence of virus in target tissues, viral RNA was isolated using a guanidine isothiocyanate procedure (Arthur et al. 1992) . For RNA isolation from lung and kidney samples, 50-100 mg of tissue was homogenized in Trizol LS (Gibco, Rockville, Maryland), centrifuged at 12,000 ϫ g for 10 min, and supernatants were transferred to clean (RNase-free) tubes. The manufacturer's protocol was used to separate, precipitate, and redissolve RNA.
First-strand synthesis cDNA was prepared in a 20-l reaction mixture using the protocol for GeneAmp RNA-polymerase chain reaction (PCR) kit (Applied Biosystems, Foster City, California), as described previously (Arthur et al. 1992; Klein et al. 2000 Klein et al. , 2001 . The positive control was Seoul virus RNA isolated from our virus stock (strain SR-11), and the negative control was diethyl pyrocarbonate-treated water included in the cDNA syntheses, primary and secondary amplifications.
Outer primers were used to amplify a 280-base pair (bp) sequence of the Seoul virus genome (Arthur et al. 1992 ) in a 100-l reaction mixture containing 20 l of the cDNA. The nested 176-bp sequence was amplified in a 100 l reaction mixture containing the nested primers and 2 l of the 1st DNA amplification product, as described previously (Klein et al. , 2001 . Primary and secondary reactions each were amplified for 1 cycle at 94ЊC for 3 min and 40 cycles of 94ЊC for 30 s, 55ЊC for 45 s, and 72ЊC for 60 s, followed by 10 min at 72ЊC. The nested PCR products were electrophoresed on a 4% gel (3% NuSieve ϩ 1% SeaKem, FMC Bioproducts, Rockland, Maine), stained with ethidium bromide and examined for bands of the appropriate size.
To measure concentrations of hormones, we used radioimmunoassays. Plasma estradiol concentrations in females, testosterone concentrations in males, and corticosterone concentrations in both sexes were assayed using Double Antibody RIA kits and the manufacturer's protocols (ICN Biochemicals Inc., Carson, California).
For analyses, the prevalence of both virus and antibody (i.e., the number of animals with detectable viral RNA or antibody, respectively) was compared among body-mass classes and season at the time of trapping and between sexes, photoperiodic conditions, and temperature at the time of trapping, using heterogeneity chisquare analyses. For chi-square tests with 1 d.f., the Yates correction for continuity was used (Agresti 1990 ). For body-mass classes, data were partitioned among juveniles, young adults, and adults. For antibody prevalence, samples were considered positive if the average adjusted optical density was Ն0.100 units . The proportion of trapped females that were pregnant was compared seasonally using a G-test (Sokal and Rohlf 1969) . Photoperiod at the time of trapping was determined using an on-line-photoperiod calculator (http://www. saunalahti.fi/ϳjjlammi/sun.html) based on the date and latitude and longitude of Baltimore, Maryland (39Њ18ЈN, 76Њ38ЈW). Average daily temperature was calculated using the climatological data for Baltimore, Maryland, provided by the United States National Oceanic and Atmospheric Administration. Parametric statistics were used to analyze differences in the production of anti-Seoul virus IgG, hormone concentrations, and reproductive organ masses. For seasonal, photoperiodic, and temperature-related comparisons in reproductive organs, both abso- lute and relative (i.e., organ mass divided by body mass) masses were analyzed. Because statistical outcomes for absolute and relative reproductive organ masses did not differ, only outcomes from comparisons of absolute organ masses are reported. Significant outcomes were further analyzed using the Tukey method for pairwise multiple comparisons. In cases where data violated the assumptions of a normal distribution, log transformations were used (Howell 1992) . Correlations were performed using Pearson's product-moment analyses. The criterion for statistical significance was P Ͻ 0.05.
RESULTS
Antibody responses.-Prevalence of antibody (i.e., the percentage of individuals with adjusted optical density Ն0.100 units) was higher among adults than juveniles ( 2 ϭ 9.84, d.f. ϭ 1, P Ͻ 0.05; (Table 2) . Additionally, no seasonal (F ϭ 1.25, d.f. ϭ 3, 138, P Ͼ 0.05) or photoperiodic (t ϭ 0.94, d.f. ϭ 144, P Ͼ 0.05) differences in anti-Seoul virus IgG responses were observed from 1996 to 2000 (Table 2 ). In contrast, anti-Seoul virus IgG responses were higher among rats trapped during low temperatures compared with those captured during mild environ- terone concentrations did not change seasonally; there was, however, a nonsignificant trend for males trapped during the summer and autumn months to have higher concentrations of testosterone than males trapped during the winter and spring months (F ϭ 2.24, d.f. ϭ 3, 64, P Ͻ 0.10; Table 2 ). No photoperiodic (t ϭ Ϫ0.99, d.f. ϭ 67, P Ͼ 0.05) or temperature-related (t ϭ 1.29, d.f. ϭ 67, P Ͼ 0.05) differences in concentrations of testosterone were observed (Table 2 ). Testosterone concentrations were not correlated with antibody responses in adult male rats (r ϭ Ϫ0.09, d.f. ϭ 67, P Ͼ 0.05).
Concentrations of estradiol were higher among younger than older female rats (F ϭ 7.28, d.f. ϭ 5, 78, P Ͻ 0.05; (Table 2) . A marginally nonsignificant trend was observed for females trapped during long days to have higher estradiol concentrations than females trapped during short days (t ϭ 1.71, d.f. ϭ 78, P Ͻ 0.10; Table 2 ). Circulating estradiol was not related to variation in antiSeoul virus IgG (r ϭ Ϫ0.15, d.f. ϭ 78, P Ͼ 0.05).
Juvenile rats had higher concentrations of corticosterone than adult rats (F ϭ 4.61, d.f. ϭ 5, 153, P Ͻ 0.05; Table 1 ). Concentrations of corticosterone did not differ between adult males and females (t ϭ 0.94, d.f. ϭ 145, P Ͼ 0.05; Table 2 ). Concentrations of corticosterone were lowest during the summer months (F ϭ 4.29, d.f. ϭ 3, 143, P Ͻ 0.05; Table 2), lower in adult rats trapped during long days compared with those trapped during short days (t ϭ 3.09, d.f. ϭ 145, P Ͻ 0.05; Table 2 ), and lower in adult rats trapped during mild temperatures compared with those trapped during low temperatures (t ϭ 3.41, d.f. ϭ 145, P Ͻ 0.05; Table 2 ). Variation in concentrations of corticosterone was not correlated with anti-Seoul virus IgG responses (r ϭ Ϫ0.05, d.f. ϭ 145, P Ͼ 0.05).
Reproductive organ mass.-Reproductive organs were collected only from animals that were trapped from September 1998 to March 2000. Because of the low numbers of juvenile animals, reproductive organs were assessed only among adult rats. Older adult males had heavier testes (F ϭ 8.06, d.f. ϭ 3, 36, P Ͻ 0.05), epididymides (F ϭ 16.87, d.f. ϭ 3, 35, P Ͻ 0.05), seminal vesicles (F ϭ 6.09, d.f. ϭ 3, 33, P Ͻ 0.05), and epididymal fat (F ϭ 4.35, d.f. ϭ 3, 36, P Ͻ 0.05) as compared with younger adult males (Fig. 1A) . Absolute masses of testes (F ϭ 1.03, d.f. ϭ 3, 36, P Ͼ 0.05), epididymides (F ϭ 0.57, d.f. ϭ 3, 35, P Ͼ 0.05), and seminal vesicles (F ϭ 1.81, d.f. ϭ 3, 33, P Ͼ 0.05) did not change seasonally (Fig. 1B) . In contrast, epididymal fat mass was higher among males trapped in spring and summer compared with animals trapped in winter and autumn (F ϭ 4.90, d.f. ϭ 3, 36, P Ͻ 0.05). Males trapped during long days had heavier epididymal fat pads than males trapped during short days (t ϭ 3.67, d.f. ϭ 38, P Ͻ 0.05). There was a marginally nonsignificant trend for males trapped during long days to have heavier testes than males trapped during short days (t ϭ 1.78, d.f. ϭ 38, P Ͻ 0.10; Fig. 1C) . No photoperiodic effect on epididymides (t ϭ 1.20, d.f. ϭ 37, P Ͼ 0.05) or seminal vesicles (t ϭ 0.20, d.f. ϭ 35, P Ͼ 0.05; Fig.  1C ) was observed. Males trapped during mild temperatures had heavier seminal vesicles (t ϭ 2.65, d.f. ϭ 35, P Ͻ 0.05) than males trapped during low temperatures (Fig. 1D) . Testes (t ϭ 1.71, d.f. ϭ 38, P Ͼ 0.05), epididymides (t ϭ 1.13, d.f. ϭ 37, P Ͼ 0.05), and epididymal fat (t ϭ 0.16, d.f. ϭ 38, P Ͼ 0.05) did not differ between males trapped during mild temperatures and those trapped during low temperatures (Fig.  1D) .
Uterine horns were heavier in larger (i.e., older) than in smaller (i.e., younger) adult females (F ϭ 3.42, d.f. ϭ 3, 32, P Ͻ 0.05; Fig. 2A) . No age-related changes in either ovary (F ϭ 2.33, d.f. ϭ 3, 34, P Ͼ 0.05) or ovarian fat masses (F ϭ 0.14, d.f. ϭ 3, 34, P Ͼ 0.05; Fig. 2A) were observed. Also, no seasonal changes in ovary (F ϭ 0.29, d.f. ϭ 3, 34, P Ͼ 0.05; Fig. 2B ), uterine horn (F ϭ 0.72, d.f. ϭ 3, 32, P Ͼ 0.05; Fig. 2B ), or ovarian fat masses (F ϭ 1.19, d.f. ϭ 3, 34, P Ͼ 0.05; Fig. 2B ) were detected. Photoperiod did not affect ovary (t ϭ 0.02, d.f. ϭ 37, P Ͼ 0.05; Fig. 2C ), uterine horn (t ϭ 0.45, d.f. ϭ 35, P Ͼ 0.05; Fig.  2C ), or ovarian fat masses (t ϭ 0.48, d.f. ϭ 37, P Ͼ 0.05; Fig. 2C ). No temperaturerelated changes in ovary (t ϭ 0.97, d.f. ϭ 37, P Ͼ 0.05; Fig. 2D ), uterine horn (t ϭ 1.61, d.f. ϭ 35, P Ͼ 0.05; Fig. 2D ), or ovarian fat masses (t ϭ 0.31, d.f. ϭ 37, P Ͼ 0.05; Fig. 2D ) were observed. The proportion of trapped females that was pregnant from 1996 to 2000 (i.e., 1/13 females were trapped during the winter, 0/11 during the spring, 2/29 during the summer, and 5/43 during the autumn) did not vary seasonally (G ϭ 2.20, d.f. ϭ 3, P Ͼ 0.05).
DISCUSSION
From 1996 to 2000, approximately 50% of the trapped rats in Baltimore, Maryland, tested positive for Seoul virus. Similar infection rates have been reported for urban rat populations in Texas, Pennsylvania, California, and Maryland (Childs et al. 1987; LeDuc et al. 1984) . Previous studies also illustrate that seasonal trends exist in the prevalence of hantaviruses in urban rat populations. Among rats trapped in Baltimore, Maryland from 1980 to 1985, prevalence of antibody against hantavirus was the highest in spring and the lowest in winter (Childs et al. 1987) . In contrast, no significant seasonal or photoperiodic changes in antibody responses against Seoul virus or in prevalence of Seoul virus RNA in Norway rats were observed in the present study. Rats trapped during low temperatures, however, had higher antibody responses than rats trapped during mild temperatures. Consistent with prevailing hypotheses, immune function may be elevated during winter-like conditions to counteract effects of challenging environmental conditions on susceptibility to infection (Nelson and Demas 1996; Sinclair and Lochmiller 2000) .
Although seasonal changes in male reproductive organs were noted, Norway rats inhabiting urban environments are considered opportunistic breeders that breed under any natural environmental condition (Bronson 1989; Davis 1953) . Accordingly, seasonal changes in sperm production and aggressive encounters (i.e., wounding) among Norway rats have not been reported (Calhoun 1962; Davis and Hall 1948; . In the present study, although sample sizes were small, there were no seasonal changes in the trapping of pregnant females in 1996-2000. Seasonal patterns in female reproductive organ masses also were not observed. The absence of seasonal variation in social interactions may contribute to the lack of seasonal variation in infection with Seoul virus (Childs et al. 1987) . The extent to which social interactions modify exposure to Seoul virus in Norway rats requires further investigation.
Concentrations of corticosterone were higher among adult rats (both males and females) trapped during short days and low temperatures compared with rats trapped during long days and mild temperatures. If elevated corticosterone concentrations are indicative of a stress response, then these data suggest that challenging environmental conditions may serve as stressors for Norway rats (but see Romero et al. 1997) . Thus, elevated antibody responses against Seoul virus may be a defense against glucocorticoid-mediated immunosuppression associated with low temperatures (Nelson and Demas 1996; Sinclair and Lochmiller 2000) . The extent to which changes in corticosterone influence replication of Seoul virus requires additional investigation.
Consistent with previous studies of Norway rats, sexual maturity was related to Seoul virus infection (Childs et al. 1987; Glass et al. 1988) . Adults were more likely to have Seoul virus in target organs and have higher antibody responses against Seoul virus than juveniles. Also, large adult rats (Ն400 g) were more likely to be infected and have higher antibody responses than small adults (200-399 g) . Several studies have demonstrated that body mass is correlated with sexual maturity and not simply chronological age in rats (Calhoun 1962; Childs et al. 1987; Davis 1953) . Body mass has been used as an indicator of sexual maturity to study reproduction in Norway rats (Davis 1953; Davis and Hall 1948) . Thus, correlates of sexual maturity may link reproduction with exposure to infection. Consistent with this hypothesis, age was related to changes in reproductive organ masses and concentrations of steroid hormones, in which larger, older adults had heavier reproductive organs and higher concentrations of testosterone than smaller, younger adults. Taken together, these data suggest that sexual maturation may create metabolic trade-offs among growth, reproduction, and immune function in Norway rats (Lochmiller and Deerenberg 2000) . Recent hypotheses suggest that age-related changes in response to infection also may reflect effects of host-pathogen evolution on life history strategies within a species (Martin et al. 2001) .
Consistent with previous studies of Norway rats in Baltimore, Maryland, a similar percentage of male and female rats was infected with Seoul virus (but see Childs et al. 1987) . In the present study, however, females had higher antibody responses than males. This pattern is different from observations of laboratory Norway rats, in which males typically have higher antibody responses and shed Seoul virus longer than females (Klein et al. , 2001 . In field studies, time of exposure often is difficult to ascertain. In the present study, because a similar percentage of wild-caught male and female Norway rats produced detectable antibody, presumably a similar percentage of males and females were exposed to Seoul virus before trapping. Thus, these data may suggest that female Norway rats were exposed more recently or more often to Seoul virus than their male counterparts. Alternatively, sex differences in metabolic trade-offs between reproduction and immune function may exist after puberty. The extent to which sex differences in social organization and behavior contribute to sex differences in antibody responses should be explored.
Changes in concentrations of corticosterone were not related to variation in Seoul virus infection. Also, in contrast to laboratory studies of Norway rats, sex differences in corticosterone levels were not observed in the present study (Critchlow et al. 1963) . Laboratory studies of Norway rats have demonstrated that basal concentrations of corticosterone are higher among females and rise more rapidly in females than in males after exposure to stressors (Critchlow et al. 1963; Kitay 1961) . We observed notable age-related changes in concentrations of corticosterone, in which juveniles had higher concentrations than adults. Age-related changes in corticosterone may be an experimental artifact related to the trapping procedures used in the present study (Romero et al. 1997) . Thus, observed values may represent either basal or stress-induced concentrations in wild-caught Norway rats (Romero et al. 1997) . Future studies should measure corticosterone immediately after trapping to determine if the elevated concentrations in juveniles were caused by the stress of remaining in traps overnight.
Although several biotic and abiotic factors may be involved in determining the spread of infection, physiological and behavioral factors associated with sexual maturity appear to be the best predictors of susceptibility and exposure to hantavirus infection, at least among reproductively opportunistic animals. Metabolic trade-offs among growth, reproduction, and immune function are documented in several natural populations (Ilmonen et al. 2000; Lochmiller and Deerenberg 2000; Nelson and Demas 1996; Nelson and Klein 1999; Sinclair and Lochmiller 2000) . Increased infection rates with sexual maturity suggest that trade-offs among metabolically costly processes exist among Norway rats. Despite age-related and seasonal variation in steroid hormone concentrations, hormones measured at time of trapping were not related to Seoul virus infection. In contrast, reproductive organ masses increased with maturation, were responsive to environmental changes, and may be related to variation in infection with Seoul virus.
